Results from epidemiologic studies examining pancreatic cancer risk and vitamin D intake or 25-hydroxyvitamin D (25(OH)D) concentrations (the best indicator of vitamin D derived from diet and sun) have been inconsistent. Therefore, the authors conducted a pooled nested case-control study of participants from 8 cohorts within the Cohort Consortium Vitamin D Pooling Project of Rarer Cancers (VDPP) to evaluate whether prediagnostic circulating 25(OH)D concentrations were associated with the development of pancreatic cancer. In total, 952 incident pancreatic adenocarcinoma cases occurred among participants (median follow-up, 6.5 years). Controls (n ¼ 1,333) were matched to each case by cohort, age, sex, race/ethnicity, date of blood draw, and followup time. Conditional logistic regression analysis was used to calculate smoking-, body mass index-, and diabetesadjusted odds ratios and 95% confidence intervals for pancreatic cancer. Clinically relevant 25(OH)D cutpoints were compared with a referent category of 50-<75 nmol/L. No significant associations were observed for participants with lower 25(OH)D status. However, a high 25(OH)D concentration (100 nmol/L) was associated with a statistically significant 2-fold increase in pancreatic cancer risk overall (odds ratio ¼ 2.12, 95% confidence interval: 1.23, 3.64). Given this result, recommendations to increase vitamin D concentrations in healthy persons for the prevention of cancer should be carefully considered.
assessment of vitamin D status derived from both sun exposure and diet.
Animal and cell culture studies support vitamin D having a function in the pancreas. Expression of the enzyme 25-hydroxyvitamin D 3 -1a-hydroxylase, which converts 25(OH)D to 1,25-dihydroxyvitamin D, the bioactive form of the vitamin, has been detected in normal and adenocarcinomatous tissue and normal pancreatic duct cells (11) (12) (13) . 25-Hydroxyvitamin D 3 hinders pancreatic cancer cell line growth (12, 13) . 1,25-Dihydroxyvitamin D analogs in vitro stimulate differentiation, promote apoptosis, impede pancreatic cancer cell proliferation (14) (15) (16) , and in vivo inhibit pancreatic tumor growth (16, 17) . There is evidence that vitamin D regulates insulin synthesis, binding, and response (18) (19) (20) . Experimental and epidemiologic studies support that higher insulin and glucose levels and diabetes contribute to pancreatic cancer development (21) (22) (23) (24) .
However, epidemiologic studies examining dietary vitamin D, a predicted 25(OH)D status score, or measured 25(OH)D concentrations and pancreatic cancer have shown conflicting results. Two prospective studies demonstrated reduced risk for pancreatic cancer with higher total vitamin D intake (25) and predicted vitamin D status score computed from 6 determinants of 25(OH)D concentrations (dietary and supplementary vitamin D, skin pigmentation, adiposity, geographic residence, and leisure activity) (26) . Those studies' limitation was that vitamin D status was not measured in participants. Conversely, a nested case-control study carried out in the Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study population, a cohort of male Finnish smokers, showed an unexpected and statistically significant 3-fold increased risk of pancreatic cancer with higher vitamin D levels (27) . The results of the ATBC study may not be comparable to nonsmokers, women, or populations residing at latitudes lower than Finland with higher vitamin D status (27) . A subsequent nested casecontrol study carried out in a US population, the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial cohort, did not confirm the strong positive association between 25(OH)D and pancreatic cancer overall (28) . However, the latter study did show an increased risk among participants living at northern latitudes that was similar to the ATBC findings (27) .
Given the inconsistent results from the studies examining vitamin D concentrations and pancreatic cancer, we conducted a pooled nested case-control study of participants from 8 cohorts in the Cohort Consortium Vitamin D Pooling Project of Rarer Cancers (VDPP) to test whether prediagnostic circulating 25(OH)D concentrations were associated with subsequent risk of incident pancreatic cancer. Because the VDPP pooled data on cohorts from multiple geographic regions, latitudes, seasons, and ethnic populations, the present investigation had more cases and a wider range of vitamin D concentrations than the previous studies.
MATERIALS AND METHODS

Study design and population
This pooled nested case-control study included data from the following cohort studies: the ATBC Study (29) , CLUE (30) , the Cancer Prevention Study II Nutrition Cohort (CPS-II) (31) , the New York University Women's Health Study (NYU-WHS) (32) , the Multiethnic Cohort Study (MEC) (33) , the PLCO (34) , and the Shanghai Women's and Men's Health Studies (SWHS and SMHS) (35, 36) (Table 1 ). The final analytic data set included 952 cases and 1,333 controls from these 8 cohorts. Cases included incident primary pancreatic adenocarcinomas (International Classification of Diseases for Oncology, Third Edition, codes C250-C259 or C25.0-C25.3 and C25.7-C25.9). Endocrine pancreatic tumors (International Classification of Diseases for Oncology, Third Edition, code C25.4; histology types 8150, 8151, 8153, 8155, and 8240) were excluded, because the etiology of these cancers is thought to be different. Case ascertainment varied between studies but included linking participants to cancer registries, self-and next-of-kin reports, and use of national death indices.
Controls were selected with a control:case ratio of 1:1 (ATBC, CLUE, CPS-II, NYU-WHS, MEC, SMHS, and SWHS) or 2:1 (ATBC and PLCO) and were alive and free from pancreatic cancer on the date on which the matched case was diagnosed. Data from cases and controls from the previously published ATBC (27) and PLCO (28) nested case-control studies were included in the present analysis. Controls were matched to cases on age and date of blood draw, sex, and race/ethnicity. For some cohorts, controls were additionally matched on other factors, such as fasting status at blood draw, time of blood draw, and, for women, menopausal status.
Data on lifestyle, demographic factors, and possible confounders were collected. Detailed descriptions of data collection methods have been published previously for the individual studies (29) (30) (31) (32) (33) (34) (35) (36) . From each cohort, information was obtained on history of cigarette smoking, sex, age, race/ethnicity, body mass index (weight (kg)/height (m)
2 ), family history of pancreatic cancer, diet, alcohol consumption, self-reported pancreatitis, and diabetes history.
Informed consent was obtained in each of the individual studies. Each study was approved by its local institutional review board.
Measurement of circulating 25(OH)D
Samples from CLUE, CPS-II, NYU-WHS, MEC, SMHS, and SWHS and a subset of samples from the ATBC Study were sent to Heartland Assays, Inc. (Ames, Iowa) and assayed for 25(OH)D status using the DiaSorin LIAISON 25 OH Vitamin D TOTAL Assay (DiaSorin, Inc., Stillwater, Minnesota) (37) . The ATBC and PLCO samples had 25(OH)D measured using the same method in the laboratory of Dr. Reinhold Vieth (Mount Sinai Hospital, Toronto, Ontario, Canada) or at Heartland Assays, Inc., at an earlier time (2005 and 2007) , respectively (27, 28) . Matched case and control samples were masked to case status and were assayed consecutively within batches. The US National Institute of Standards and Technology (NIST) provided 2 masked serum quality control standards for vitamin D to include within batches: NIST level 1 (~60 nmol/L) and NIST level 2 (~35 nmol/L). Quality control samples were also provided by investigators from the individual cohorts. For the VDPP samples, the interbatch and intrabatch coefficient of variation percentages for NIST level 1 samples were 12.7% and 9.3%, respectively, and for NIST level 2 samples, they were 13.6% and 11.0%, respectively. The median inter-and intrabatch coefficient of variation percentages for the cohort quality control samples were 13.2% (range, 4.8%-17.0%) and 9.9% (range, 3.8%-16.4%), respectively. Using a nested components of variance analysis, with logarithmically transformed quality control measurements across all batches (38) , the overall (intra-and interbatch) coefficient of variation percentages were 16.5% and 4.7% for the previously assayed 25(OH)D concentrations in the ATBC and PLCO studies, respectively (27, 28) .
Statistical analysis
The distributions of selected characteristics of the cases and controls were compared using conditional logistic regression. Dietary nutrients and foods highly correlated with energy intake were energy-adjusted using the residual method described by Willett and Stampfer (39) . Variables examined in analyses and/or as potential confounders in risk models were age; smoking status at the time of blood draw and most recently (never smoker, former smoker who had quit 15 years previously, former smoker who had quit 1-14 years previously, former smoker who had quit <1 year previously or current smoker of <20 cigarettes/day, and former smoker who had quit <1 year previously or current smoker of 20 cigarettes/day); education; hormone use (among women); height; weight; body mass index (<25, 25-<30, or 30, or missing data); history of diabetes (yes, no, or missing data); family history of pancreatic cancer; intake of vitamin D-containing foods (fish, milk); nutrients from foods (energy, carbohydrate, fat, saturated fat, calcium, vitamin D, folate, and retinol); nutrients from supplements (folic acid, vitamin D, and calcium); total nutrients (folate, vitamin D, and calcium); consumption of red or processed meat; use of multivitamins (yes, no, or missing data); alcohol consumption; physical activity; season of blood draw (winter, summer); and latitude at study entry. Seasons were defined as winter (December-May) and summer (June-November).
Clinically defined 25(OH)D cutpoints were used for the main analyses: <25, 25-<37.5, 37.5-<50, 50-<75, 75-<100, and 100 nmol/L (40, 41) . Conditional logistic regression was used to calculate odds ratios and 95% confidence intervals for pancreatic cancer by 25(OH)D level, with 50-<75 nmol/L used as the referent category. Multivariable models were developed by individually adding covariates to the model with forward and backward selection. Covariates were included if they were associated with both the disease and the risk factor and changed the point estimate of risk by 10% or more. The final multivariable models included body mass index and smoking (as categorized above). Interactions were evaluated in stratified analyses, by sex, race/ethnicity, season, latitude, smoking status (never, former, or current; never vs. ever), body mass index (<25 vs. 25), and use of vitamin D supplements or multivitamins; statistical significance was tested using a multiplicative risk model. Conditional logistic regression was used to calculate odds ratios stratified by sex and race/ethnicity, while unconditional logistic regression, adjusted for matching factors, was used for the other stratifications.
A 2-stage meta-analysis approach as described by Gallicchio et al. (42) was conducted. Results are presented for high (100 nmol/L) or low (<25 nmol/L) 25(OH)D concentrations as compared with the reference category (50-<75 nmol/L). The heterogeneity of cohort-specific estimates was assessed using the Q statistic, and data are presented as forest plots. To investigate whether 1 single study unduly influenced the pooled estimates, we conducted Table continues sensitivity analyses in which pooled risk estimates were assessed and compared after systematically excluding each study in turn. Sensitivity analyses were also conducted after excluding both the ATBC and PLCO cohorts, for which reports had been previously published (27, 28) . To evaluate the potential influence of preclinical disease on risk, we performed lag analyses that excluded cases that occurred during either the first 2 years of follow-up or the first 5 years of follow-up. All statistical analyses were performed using SAS software, versions 9.1.3 and 9.2 (SAS Institute, Inc., Cary, North Carolina) and R software, version 2.8.1 (R Foundation for Statistical Computing, Vienna, Austria (http://www.r-project.org/)). Statistical tests were 2-tailed.
RESULTS
The characteristics of participants in each cohort are shown in Table 1 . Cases were diagnosed with pancreatic cancer after a median of 6.5 years of follow-up (range, 0-30.6 years). The median age at pancreatic cancer diagnosis was 69. Characteristics of cases and controls are shown in Table 2 . The ATBC participants were excluded from the analysis of smoking status in Table 2 , because all participants in that study were current smokers at baseline. Compared with the controls, cases more often reported being a current smoker (P < 0.0001), had a greater saturated fat intake, and consumed less fish, carbohydrate, and folate. The proportions of cases and controls with vitamin D concentrations less than 37.5 nmol/L or less than 25 nmol/L were not statistically different.
Compared with 25(OH)D concentrations of 50.0-<75.0 nmol/L, concentrations of 100 nmol/L or higher were associated with increased pancreatic cancer risk ( (27, 28) .
Associations did not vary significantly by sex, season, race/ethnicity, latitude, smoking status (Table 4) , body mass index, or use of vitamin D supplements or multivitamins (P-interaction > 0.15). However, the increased risk associated with high 25(OH)D concentrations was more apparent in males than in females, was seen only in blood samples drawn during the summer and in Caucasians but not Asians, was statistically significant only for latitudes of 35°N-42°N (though it was suggestive for latitudes 42°N), and was not affected by smoking status. Although the number of Asians was not large (125 cases, 133 controls), the pattern of the association appeared different in this There was no significant heterogeneity among cohorts ( Figure 1 ; Q statistic: P > 0.30). The odds ratios from the meta-analysis for high and low 25(OH)D status, as compared with the referent group, were 2.14 (95% CI: 0.93, 4.92) and 0.96 (95% CI: 0.66, 1.40), respectively. Although the magnitudes of the risks were similar, the pooled odds ratio (Table 3 ) was more precise (i.e., a narrower confidence interval) than the odds ratio from the meta-analysis (Figure 1 ).
DISCUSSION
The findings from this pooled nested case-control study of data from 8 cohorts do not support the hypothesis that higher circulating vitamin D concentrations reduce the risk of pancreatic cancer. Indeed, a statistically significant 2-fold increased risk of pancreatic cancer was observed among subjects with circulating 25(OH)D concentrations greater than or equal to 100 nmol/L as compared with those with 25(OH)D concentrations of 50-<75 nmol/L. The positive association persisted when each cohort was excluded from the analysis in turn. The association was independent of race/ethnicity, sex, smoking history, obesity, and diabetes. Positive associations were observed in men, women, smokers, never smokers, and nonusers of multivitamin supplements. Although there were no statistically significant interactions, positive associations appeared more pronounced in Caucasians, participants residing in areas at latitudes above 35°N, and those who had their blood collected during the summer months. No significant associations were observed among participants with lower 25(OH)D status.
These pooled results are consistent with previously published findings from both the ATBC (27) and PLCO (28) cohorts, as all showed some evidence of positive associations, and effects appeared stronger among persons residing at high latitudes. In the previous nested case-control study conducted in the ATBC cohort, a population of male Finnish smokers, prediagnostic serum 25(OH)D concentrations greater than 65.5 nmol/L were associated with a nearly 3-fold increased risk of pancreatic cancer compared with concentrations of 32.0 nmol/L or less (OR ¼ 2.92, 95% CI: 1.56, 5.48; P-trend ¼ 0.001) (27) . Although the previous PLCO nested case-control study showed an overall non-statistically significant 45% increased risk of pancreatic cancer for the highest fifth of 25(OH)D concentrations as compared with the lowest fifth, statistically significant 4-fold increased risks were observed with increasing 25(OH)D concentrations (>78.4 nmol/L vs. <49.3 nmol/L) only among participants living at northern US latitudes (i.e., Michigan, Minnesota, and Wisconsin) (28) . Persons who live at low latitudes with warm, sunlit environments might maintain efficient vitamin D status throughout the year (28, 43) . This could contribute to more within-person variability in ambulatory populations and attenuate risk estimates (28) . Further, participants in the Shanghai and MEC studies, who lived at low latitudes, tended to have lower 25(OH)D concentrations overall (i.e., Shanghai) or because of race/ethnicity (e.g., African Americans). As a result, few participants residing at low latitudes had 25(OH)D concentrations greater than 100 nmol/L (Table 4 ; 5 cases and 8 controls), which limited our statistical power to observe associations.
The present analysis differs from the previous 2 studies (27, 28) in that clinically relevant vitamin D status cutpoints were used to examine associations, with 50-<75 nmol/L being used as the referent category, rather than quintiles based on the distribution among study controls (27, 28) . In the current pooled analysis, a threshold pattern of association was observed, with an increased risk being seen only at the highest vitamin D concentrations (100 nmol/L), which corresponds to the top 2.3% of the distribution in the controls. In contrast, the previous ATBC Study showed a significant positive trend with increasing quintiles of vitamin D concentration (27) . On average, men in the ATBC Study had lower 25(OH)D concentrations than those of the US-based cohorts (Table 1) , and in a range where positive associations were not observed in the VDPP. Few ATBC participants were in the high 25(OH)D category (100 nmol/L). Excluding the ATBC participants from the present analysis increased the strength of the association (>100 nmol/L vs. 50-<75 nmol/L: OR ¼ 2.95, 95% CI: 1.47, 5.93), because the ATBC men were removed from the referent category. Therefore, the increased pancreatic cancer risk with high vitamin D status in the present pooled study is not explained by the ATBC Study participants. The PLCO Study contributed 19% of the cases (n ¼ 183) and 27% of the controls (n ¼ 364), with both cases and controls having higher 25(OH)D concentrations than the other cohorts (Table 1) . With the PLCO participants excluded, the association remained positive but nonsignificant because of reduced study power (OR ¼ 1.60, 95% CI: 0.83, 3.08). Excluding both the ATBC and PLCO participants (52% of the cases and 67% of the controls) resulted in no change in the strength of the association, but the significance was diminished (OR ¼ 2.23, 95% CI: 0.82, 6.08) also because of reduced statistical power. The VDPP's advantage for examining pancreatic cancer is the ''pooling'' of data from 8 cohorts covering multiple geographic regions, which in total includes a larger number of cases and a wider range of vitamin D concentrations than the individual studies alone and provides greater power to observe associations. A major strength of the VDPP is the prospective design, thereby reducing the likelihood of reverse causality. In addition, the cohort study investigators followed a protocol for case-control selection, and 25(OH)D levels were measured centrally at the same laboratory (except in the ATBC Study). Conclusions concerning associations among Asians or African Americans separately are limited because of their small numbers in the present analysis. The measurement of serum 25(OH)D concentration reflects internal dose and actual vitamin D status and is considered more valid than evaluation of vitamin D intake alone or predictors of vitamin D status. Although a single measure of 25(OH)D in adulthood may not correspond to long-term vitamin D status, it can reflect exposure over the past several weeks or months (44) . In addition, high intraclass correlations ranging from 0.70 to 0.78 have been observed in both men and women for measures taken over several years (45, 46) , suggesting that 1 sample may provide a good measure of long-term status. Controls were matched to the cases by month of blood collection to reduce misclassification of vitamin D status due to seasonal variation. Residual confounding by cigarette smoking is not likely, because there was no significant interaction of the vitamin D association with smoking status, and positive associations were observed among never smokers. Both men and women were included in this study, as well as never, former, and current smokers; therefore, our results should be generalizable to Caucasian populations.
The biologic basis for the observed associations is speculative, because there is an incomplete understanding of the molecular mechanisms by which the vitamin D receptor-1,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ) complex regulates the expression of genes involved in pancreatic carcinogenesis. The active form of vitamin D is a steroid hormone, and it is likely that the vitamin D receptor-1,25(OH) 2 D 3 complex affects and interacts with other regulators and endogenous hormones (47) , particularly in an autocrine or paracrine manner within the pancreas and/or pancreatic tumor tissue. The active form of vitamin D, 1,25(OH) 2 D 3 , might influence growth factors (19, 20, 48) which promote tumor growth (27) . Toxic effects of hypervitaminosis D are thought to be mediated through hypercalcemia, including calcification of soft tissues; however, the range of 25(OH)D levels associated with risk in this study was below that considered to reflect hypervitaminosis D (400-1,250 nmol/L) (49) . Alternatively, a mechanism directly related to solar ultraviolet radiation or an unknown surrogate risk factor that is correlated with sun exposure is possible.
In conclusion, the previously reported positive association between 25(OH)D and pancreatic cancer observed in the earlier studies (27, 28) was confirmed in this large pooled study; however, the increased risk was observed only among subjects with the highest circulating 25 , smoking (never smoker, former smoker who had quit 15 years previously, former smoker who had quit 1-14 years previously, former smoker who had quit <1 year previously or current smoker of <20 cigarettes/day, and former smoker who had quit <1 year previously or current smoker of 20 cigarettes/day), and diabetes status (yes, no, or missing data). The size of each square is inversely proportional to the variance of the log odds ratio estimate in each cohort. The pooled estimates (diamonds) were derived from a meta-analysis using random-effects modeling. For each cohort, the plots show estimates for subjects with circulating 25(OH)D concentrations of A) <25 nmol/L and B) 100 nmol/L in comparison with the reference group (50-<75 nmol/L). ATBC, Alpha-Tocopherol, BetaCarotene Cancer Prevention Study, CI, confidence interval; CPS-II, Cancer Prevention Study II Nutrition Cohort; MEC, Multiethnic Cohort Study; NYU-WHS, New York University Women's Health Study; OR, odds ratio; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; SM/WHS, Shanghai Men's Health Study and Shanghai Women's Health Study. SM/WHS data were excluded from the analysis of high 25(OH)D concentrations because of unstable estimates due to small numbers. laboratory investigations of biologically plausible mechanisms that may explain the observations. Given the present study's pooled results and research gaps in the understanding of vitamin D's role in carcinogenesis, recommendations to increase vitamin D concentrations in healthy persons for cancer prevention seem premature.
